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Objective: To examine the relative susceptibility of cartilage and meniscus tissues to mechanical injury by
applying a single, controlled overload and observing cellular, biochemical, and mechanical changes.
Design: Cartilage and meniscus tissue explants in radial conﬁnement were subjected to a range of injury
by indenting to 40% strain at three different strain rates: 0.5%/s (slow), 5%/s (medium), or 50%/s (fast).
Following injury, samples were cultured for either 1 or 9 days. Explants were assayed for cell metabolic
activity, water content, and sulfated glycosaminoglycan (sGAG) content. Mechanical properties of
explants were determined in torsional shear and unconﬁned compression. Conditioned medium was
assayed for sGAG and lactate dehydrogenase (LDH) release.
Results: Peak injury force increased with strain rate but both tissues displayed little to no macroscopic
damage. Cell metabolism was lowest in medium and fast groups on day 1. Cell lysis increased with peak
injury force and loading rate in both tissues. In contrast, sGAG content and release did not signiﬁcantly
vary with loading rate. Additionally, mechanical properties did not signiﬁcantly vary with loading rate in
either tissue.
Conclusion: By use of a custom conﬁnement chamber, large peak forces were obtained without macro-
scopic destruction of the explants. At the loads achieved in this studied, cell damage was induced
without detectable physical or compositional changes. These results indicate that sub-failure injury can
induce biologic damage that may not be readily detected and could be an early event in osteoarthritis
genesis.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Traumatic injury of the knee has been long associated with the
development of osteoarthritis (OA)1. Prolonged exposure to over-
loading due to obesity2,3, occupational loading3e5 or altered bio-
mechanics6e8 is associated with the early onset of OA, suggesting
that non-traumatic overloading can also be detrimental to long-
term joint health. Knee loading affects multiple tissues, but the
post-traumatic OA literature has predominantly focused on the
responses of articular cartilage. The menisci are important in load
transfer and joint stability of the knee joint9, yet their response to
sub-failure injury is relatively unknown. In this study, we explore
the susceptibility of both cartilage and meniscus to a range of
simulated, sub-catastrophic mechanical overloads.M.E. Levenston, Department
urand Building, Stanford, CA
25-1587.
enston).
s Research Society International. PIn vivoexperimentsdemonstrate that high impact loads to animal
knee joints can induce osteoarthritic changes in cartilage such as
proteoglycan loss, decreased cartilage integrity, and cell death.While
in vivo studies highlight the role of mechanical trauma for OA
development, it is difﬁcult to gain insight into the injury response of
speciﬁc tissues in the knee joint. A number of in vitro studies
have investigated cartilage injury from drop-tower impacts10,11,
controlled overload12e16, and cyclic loading17,18. These studies
showed that greater loads impart greater cell death, proteoglycan
release, collagen damage, surface ﬁssuring, loss of mechanical
properties, and decreased cell synthesis of matrix constituents.
Investigators have sought to identify a threshold value of peak stress
that cartilage can toleratewithout signiﬁcant damage. Depending on
factors such as repetition, loading rate, presence of underlying bone,
and radial conﬁnement, this peak value can vary from 6 to
15 MPa17,19. The precise stress level required to induce chondrocyte
death has been related to the gel diffusion rate, the characteristic rate
of load-induced ﬂuid ﬂow, which depends on both the loading
conﬁguration and the mechanical properties of the tissue14. Inublished by Elsevier Ltd. All rights reserved.
Fig. 1. Tissue explants (6 mm diameter by 2 mm thick) sat on a permeable base and
were radially conﬁned by a rubber ring. A 3.2 mm impermeable, hemispherical
indentor was used to compress explants by 40% of their measured thickness at variable
strain rates. The applied force was measured using a 450N load cell.
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stresses below 14 MPa at a low strain rate, whereas at higher strain
rates cell death increased substantially. These studies demonstrate
that peak strain, strain rate, and physical boundary conditions are all
inﬂuential parameters in injury-induced cartilage damage.
In contrast to cartilage, meniscal injury has received compara-
tively little attention. Imaging studies reveal that meniscal lesions
are seen in 70% of early OA patients20, meniscal damage may
precede that of articular cartilage in the lateral compartment of OA
knees21, and meniscal malposition increases the risk of cartilage
loss22. A prospective caseecontrol study found that the presence of
meniscal damage yielded an odds ratio of 5.7 for developing
radiographic OA within a 30-month period23. However, despite
strong evidence that meniscal damage is implicated in OA devel-
opment, relatively few studies have directly investigated injury to
meniscus. Anterior cruciate ligament-transected animal models of
OA showed meniscal tears as early as 12 weeks after injury in
rabbits24 and dogs25, presumably due to overload and macroscopic
tissue failure. In vitro studies show that meniscal explants exhibit
increased proteoglycan release26,27, nitric oxide production28,29,
and increased levels of gene expression for interleukin-1 inducible
nitric oxide synthase, and catabolic matrix metalloproteinases and
aggrecanases30 in response to dynamic mechanical compression,
indicating that the meniscus may be a source of pro-inﬂammatory
mediators29 and catabolic activity30 in the knee joint. However, in
a direct comparison of the short-term response of cartilage and
meniscus explants to in vitro overload in unconﬁned compression
(50% at 100%/s), meniscus explants exhibited a downregulation of
catabolic gene expression31. A loss of cell viability was found at the
meniscus surface and throughout cartilage explants, but only
cartilage explants displayed ﬁssured surfaces.
In this study, we employed an in vitro model to deliver
controlled overloads to meniscus and cartilage tissue explants. Our
goal was to compare responses of meniscal and cartilage tissues to
varied levels of mechanical insult through quantifying resulting cell
death and tissue damage. Based on prior reports, our hypothesis
was that meniscal tissue may be more susceptible than cartilage to
immediate mechanical damage and increased cell death and tissue
degradation would lead to decreased tissue properties over time.
Methods
Materials
Immature bovine stiﬂe joints were from Research 87 (Marl-
borough, MA). High-glucose Dulbecco’s modiﬁed Eagle’s medium
(DMEM), N-(2-hydroxyethyl)-piperazine-N0-2-ethanesulfonic acid
(HEPES), non-essential amino acids (NEAA), antibiotic-antimycotic
solution (100 U/mL penicillin, 100 mg/mL streptomycin, and
0.25 mg/mL amphotericin B), proteinase K, and phosphate buffered
saline (PBS)were from Invitrogen (Carlsbad, CA). Fetal bovine serum
was from HyClone (Logan, UT). L-ascorbic acid 2-phosphate,
ammonium acetate, protease inhibitor cocktail, 1,9-
dimethylmethylene blue (DMMB) dye and shark chondroitin
sulfate were from Sigma (St. Louis, MO). Protease inhibitor cocktail
set I was from Calbiochem (San Diego, CA). Biopsy punches were
from Miltex (York, PA). The Quick Cell Proliferation Assay Kit was
from BioVision (Mountain View, CA) and the CytoTox96 Non-
Radioactive Cytotoxicity Assay kitwas fromPromega (Madison,WI).
Tissue culture
Articular cartilage and meniscal ﬁbrocartilage explants (n¼ 10/
tissue/condition/endpoint; total of 160 explants) were harvested
from seven immature bovine stiﬂes within 1 day of slaughter usinga 6 mm biopsy punch (donor animals were not identiﬁed; stiﬂes
were from four to seven animals). Cartilage samples were removed
from both femoral condyles and meniscus samples were removed
from tibial aspects of bothmenisci. Explantswere trimmed to 2 mm
thickness using a custom slicing block, leaving the articular surfaces
intact, and heights measured at three locations with a contact-
sensing micrometer were averaged to determine actual thickness
of each sample. Prior to loading, explantswere cultured for 6 days at
37C, 5% CO2, and 95% relative humidity in high-glucose DMEM
supplemented with 10% fetal bovine serum, 10 mM HEPES buffer,
0.1 mM NEAA, 50 mg/mL L-ascorbic acid-2-PO4, and 1% antibiotic-
antimycotic solution, with medium changes every other day.
Explants were randomly allocated to loading and endpoint groups.In vitro overload
A custom semi-conﬁnement loading ﬁxture was constructed for
the loading protocol (Fig. 1). The chamber consisted of an aluminum
base and a 60 mm inner diameter polyvinyl chloride cylindrical wall.
A porous, sintered stainless steel ﬁlter sat beneath the explants and
a 5 mm thick silicon rubber ring with a 6 mm diameter hole limited
radial bulging during compressive loading. An impermeable, stain-
less steel indenter with a 3.2 mm diameter hemispherical tip was
used to compress explants at room temperature on a materials
testing frame (Instron 5848, Norwood, MA).
On the day of loading, sample heights measured at three loca-
tions were averaged to determine the thickness of each sample,
which was used to deﬁne both the peak displacement and the
displacement rate based on the targeted peak strain and strain rate.
Explants were individually moved to the sanitized loading chamber
containing PBS with 1% antibiotic-antimycotic. Indenter surfaces
were sanitized with ethanol prior to loading of each explant.
Explants were indented under displacement control to a peak 40%
nominal compressive strain at three different nominal strain rates:
Slow (S): 0.5%/s, Medium (M): 5%/s, and Fast (F): 50%/s. Peak strain
was held for 1 min and explants were then unloaded. Control (C)
samples were placed in the loading chamber but not compressed
for a duration equivalent to that of a slow ramp and hold. Explants
were rinsed three times in PBS with 1% antibioticeantimycotic and
returned to culture in fresh medium. Force-displacement curves
were recorded for each sample. Peak stresses for compressed
explants were estimated as the peak force divided by the projected
contact area predicted by a numerical analysis of large deformation,
Hertzian contact between a rigid sphere and an incompressible,
neo-Hookean layer of ﬁnite thickness32.
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medium was changed and collected at 1, 2, 3, 5, 7 and 9 days post-
loading, with medium volumes of 0.5 mL through 3 days and 1 mL
subsequently. Conditioned medium was stored frozen for later
biochemical analysis.Cell viability and lysis
Mitochondrial dehydrogenase activity, generally viewed as
a measure of cell proliferation or viability, was measured using the
BioVision Quick Cell Proliferation Assay Kit, which measures
the cleavage of 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo-
phenyl)-2H-tetrazolium monosodium salt (WST-1) into a red for-
mazanproduct. At the endof each culture period, tissue explantswere
incubated in fresh mediumwith 1%WST-1 reagent (0.25mL for 4 h).
Absorbance values at 440 nm of conditioned media were measured
using a spectrophotometric plate reader. Explants were then stored
at 20C in PBS with protease inhibitors.
Cell lysis was measured by quantifying the release of the
intracellular enzyme lactate dehydrogenase (LDH) using the
Promega CytoTox96 Non-Radioactive Cytotoxicity Assay, which
measures enzymatic cleavage of tetrazolium salt 2-(4-Iodophenyl)-
3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride into a red
formazan product. Absorbance values at 490 nm were measured
using a spectrophotometric plate reader, with background media
absorbance values subtracted.Mechanical testing
Prior to mechanical testing, explants were visually examined for
surface ﬁssures and India ink was swabbed on half of the day 9
explants to highlight damage. The inner, directly loaded region of
the explant was isolated from the surrounding tissue annulus
using a 4 mm biopsy punch. Core thickness was measured using
a contact-sensing micrometer and used to determine strains for
mechanical testing. All mechanical testing was conducted in PBS
with protease inhibitors. Samples were ﬁrst tested in oscillatory
torsional shear at 37C using an AR 2000ex torsional rheometer
(TA Instruments, New Castle, DE). Samples were compressed by
10% of the measured thickness at 2 mm/s and allowed to stress relax
for 20 min. A 0.5% nominal shear strain was applied at 0.1 Hz to
determine dynamic shear modulus G*. Samples were unloaded,
allowed to recover for 15 min at room temperature and then tested
in unconﬁned compression at room temperature using an Instron
5848. Samples were sequentially compressed to 5, 10, 15, and 20%
nominal compressive strain at 0.1%/s and allowed to stress relax at
each offset for 20 min. The equilibrium compressive modulus Eeq
was determined by linear regression of the relaxed stress against
applied strain. After relaxation at 10% offset, a 1.5% compressive
strain was applied at 0.1 Hz to determine dynamic compressive
modulus E*.Biochemical analysis
Following mechanical testing, explants were weighed, lyophi-
lized overnight (Freezone 4.5 Freeze Dry System, LabConco, Kansas
City, MO), and re-weighed dry. Explants were digested in
proteinase K (1 mg/80 mg of cartilage, 1 mg/20 mg of meniscus)
buffered with 100 mM ammonium acetate at 60C overnight.
Sulfated glycosaminoglycan (sGAG) contents of digested explants
and conditioned media were assayed using the dimethylmethylene
blue (DMMB) assay33 using chondroitin sulfate standards. Explant
water and sGAG contents were expressed as fractions of wet mass.Data analysis
Of the 160 samples, three were fully excluded from analysis
because of artifacts during loading, two were excluded from
mechanical testing and explant biochemical analysis due to errors/
artifacts, and two were excluded from explant sGAG analysis due to
handling errors. Data were analyzed using General Linear Models
(GLMs) using Minitab (version 16, Minitab, Inc., State College, PA).
Data for GLMs were processed with BoxeCox transformation using
the exponent for each outcome measure that minimized the pooled
standard deviation, with rounding when standard exponents (e.g., 1,
0.5,0.5, 0) fellwithin the conﬁdence intervals. Bonferroni’s testwas
used for pairwise planned comparisons for main or interaction
effects with P< 0.05. The peak loading force, estimated peak stress,
thickness, and 24 h LDHand sGAG release datawere examined using
three-way (tissue, loading rate, medial-lateral) GLMs with stiﬂe as
random factor. Mechanical, explant biochemical and WST-1 results
were analyzed using four-way (tissue, loading rate, day, medial-
lateral) GLMs with stiﬂe as a random factor. For each tissue, rela-
tionships between outcomes and peak loading force were examined
for log-transformed data via linear mixed models using SPSS
Statistics (version 19, SPSS Inc., Chicago, IL), with day and medial-
lateral source as ﬁxed factors, log force as a covariate and stiﬂe as a
random factor. Best models were identiﬁed by minimizing the cor-
rected Akaike information criterion through backwards selection.
Data are presented as means with 95% conﬁdence intervals.
Results
Overload system
After 6 days of culture prior to loading, cartilage explants
swelled by 8.49% (6.69%, 10.29%) whereas meniscus did not exhibit
swelling (1.47%, 1.10%) as deﬁned by thickness change. Cartilage
explants were signiﬁcantly thicker than meniscus samples at the
time of loading (P¼ 0.010), but there were no thickness differences
among groups for either tissue prior to loading (P¼ 0.85). For each
sample, the thickness at time of loading was used as a basis for
target strains and strain rates. Peak forces [Fig. 2(A)] increased with
strain rate in both tissues. Cartilage explants experienced higher
peak forces than meniscus explants at each strain rate, and peak
force increased signiﬁcantly with each increase in strain rate for
both tissues (P 0.0001). Forces were higher for lateral explants
than for medial explants in meniscus (P 0.0001) but not cartilage
(P¼ 1.00). Patterns of estimated peak stress [Fig. 2(B)] were similar
to those of peak force. For the fast loading groups, estimated peak
stresses for cartilage and meniscus were 11.0 MPa (9.37 MPa,
12.7 MPa) and 4.63 MPa (3.17 MPa, 6.09 MPa), respectively. Despite
the high peak stresses, relatively little macroscopic tissue damage
was evident. No visible surface damage was observed following
overload, and India ink staining revealed little surface damage. In
cartilage, onemedium strain rate explant had light staining and one
fast rate explant had intense staining indicative of surface ﬁssures.
In meniscus, no load-induced surface damage was observed. Some
loaded cartilage explants exhibited bulging of the annular ring and
distinct indentation at the loading site after 9 days of culture, but
no similar changes were noted in meniscus explants.
Cell viability and lysis
WST-1 conversion (Fig. 3), which is expected to reﬂect the
number of viable cells, was greater for cartilage on day 1 than for
meniscus on day 1 or for either tissue on day 9 (P< 0.0001).
Additionally, WST-1 conversion on day 1 was signiﬁcantly lower for
medium and fast groups than for slowor control groups (P 0.031),
Fig. 2. Peak applied forces (A) and estimated stresses (B) for rate groups. Peak forces and stresses increased with increasing strain rate, were higher for cartilage than for meniscus,
and were higher for lateral menisci than for medial menisci. Letters indicate qualitative signiﬁcance patterns, with comparisons of P 0.05 between groups with no common labels.
Precise signiﬁcance values are reported in the manuscript text.
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either tissue (Table I). WST-1 conversion did not vary signiﬁcantly
between tissues or among loading rate groups at day 9 (P 0.20) or
with medial-lateral source (P¼ 0.35).
Cell lysis measured by LDH release was greatest in the ﬁrst day
post-loading. Twenty-four hour LDH release [Fig. 4(A)] was greater
in meniscus than in cartilage for slow and control groups
(P 0.0001). Cartilage LDH release increased with strain rate
among loaded explants, and was higher for medium and fast
groups than for control or slow groups (P¼ 0.0019), but did not
vary with medial-lateral source (P¼ 1.00). Meniscus LDH release
was higher in the fast group than in the slowgroup (P¼ 0.0132) and
greater for lateral samples (P¼ 0.001). LDH release increased with
peak loading force in both tissues (Table I).
sGAG release
sGAG release was quantiﬁed by measuring sGAG content in the
media throughout the culture period. Twenty-four hour sGAG
release [Fig. 4(B)] was greater for cartilage explants than for
meniscus explants (P< 0.0001), but did not vary among strain rate
groups (P¼ 0.24). For both tissues, sGAG release increased with
loading force and was greater for lateral samples than for medial
samples (Table I).
Explant composition
The water mass fraction was greater for cartilage than for
meniscus (P< 0.0001). Water fractionwas slightly higher in the fast
group than in the medium group (P¼ 0.048). The cartilage waterFig. 3. Cell viability as measured by the WST-1 colorimetric assay for cartilage (A) and men
(*) indicate P 0.05 vs other rate groups on that day. Precise signiﬁcance values are reportcontent increased signiﬁcantly from day 1 to day 9 (P< 0.0001) but
did not differ for meniscus (P¼ 0.48). Cartilage explants had
substantially higher sGAG contents (Fig. 5) than did meniscus
explants (P< 0.0001), representative of baseline differences
between tissues. sGAG content was greater at day 1 than at day 9
across groups (P¼ 0.0006). For meniscus explants, the sGAG
content was positively related to peak force at day 1 (Table I) and
higher for lateral samples (P¼ 0.0009).
Mechanical testing
All measured mechanical properties were higher for cartilage
explants than for meniscus explants (P< 0.0001), representative of
baseline differences between tissues. The equilibriummodulus was
lower at day 9 than at day 1 across groups for cartilage explants
(P< 0.0001) but not for meniscus explants (P¼ 0.23). Both the
dynamic compressive modulus and dynamic shear modulus were
lower at day 9 than at day 1 across groups for both tissues
(P 0.0404). For cartilage explants, the equilibrium modulus for
lateral samples was positively related to peak force, but no other
properties varied strongly with peak force. For meniscus explants,
equilibrium and dynamic compressive moduli at day 1 were posi-
tively related to peak force, and all moduli were greater for lateral
samples (Table I).
Discussion
Acute injury or chronic overload of the knee joint can involve
elevated loading of both cartilage and meniscus tissues, but there
has been little comparison between tissues regarding susceptibilityiscus (B) explants on day 1 (black bars) and day 9 (gray bars) after loading. Asterisks
ed in the manuscript text.
Table I
Estimated relationships between log(outcome) and log(peak force)
Outcome Slope P (slope) Intercept
Measured over 24 h after loading
LDH Cartilage 0.455 (0.315, 0.596) <0.001 1.12 (1.33, 0.90)
Meniscus 0.235 (0.175, 0.296) <0.001 0.553 (0.636, 0.470)
sGAG release Cartilage Medial 0.118 (0.020, 0.215) 0.019 1.14 (0.99, 1.29)
Lateral 1.23 (1.08, 1.38)
Meniscus Medial 0.294 (0.140, 0.448) <0.001 0.493 (0.361, 0.625)
Lateral 0.816 (0.626, 1.01)
Measured at Day 1 and Day 9
WST-1 Cartilage Day 1 0.463 (0.483, 0.444)
Day 9 0.532 (0.550, 0.514)
Meniscus 0.543 (0.570, 0.516)
sGAG/wm Cartilage 1.47 (1.51, 1.42)
Meniscus Medial Day 1 0.223 (0.113, 0.332) <0.001 2.78 (2.87, 2.69)
Day 9 0.060 (0.068, 0.188) 0.35
Lateral Day 1 0.223 (0.113, 0.332) <0.001 2.60 (2.74, 2.46)
Day 9 0.060 (0.068, 0.188) 0.35
Eeq Cartilage Medial Day 1 0.006 (0.222, 0.210) 0.96 2.61 (2.27, 2.94)
Day 9 2.39 (2.05, 2.73)
Lateral Day 1 0.315 (0.098, 0.531) 0.005 2.13 (1.78, 2.48)
Day 9 1.92 (1.58, 2.26)
Meniscus Medial Day 1 0.255 (0.051, 0.458) 0.015 0.752 (0.587, 0.917)
Day 9 0.007 (0.246, 0.231) 0.95
Lateral Day 1 0.255 (0.051, 0.458) 0.015 1.13 (0.88, 1.39)
Day 9 0.007 (0.246, 0.231) 0.95
E* Cartilage Day 1 3.63 (3.53, 3.73)
Day 9 3.45 (3.36, 3.55)
Meniscus Medial Day 1 0.362 (0.145, 0.578) 0.002 1.69 (1.52, 1.87)
Day 9 0.052 (0.201, 0.305) 0.68
Lateral Day 1 0.362 (0.145, 0.578) 0.002 2.15 (1.87, 2.42)
Day 9 0.052 (0.201, 0.305) 0.68
G* Cartilage 0.272 (0.041, 0.585) 0.087 2.32 (1.85, 2.80)
Meniscus Medial Day 1 0.981 (0.838, 1.12)
Lateral Day 1 1.38 (1.24, 1.52)
Medial Day 9 0.799 (0.647, 0.950)
Lateral Day 9 1.20 (1.06, 1.33)
Linear mixedmodel regression coefﬁcient estimates are reported as means with 95% conﬁdence intervals. Italics indicate a coefﬁcient with a 95% conﬁdence interval spanning
zero. Terms eliminated through backwards elimination are not shown. Slope indicates the coefﬁcient for the covariate, log(peak force). All intercept terms were signiﬁcantly
different from zero at P< 0.001.
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scopic damage to the cartilage matrix though high overloads10,34,35.
In this study, we investigated damage to cartilage and meniscal
explants in response to a range of loads in a system intended to
limit macroscopic damage. The diameter of the spherical indenter
was smaller than the explant to allow surrounding tissue to
constrain deformations andminimize involvement of the disrupted
tissue at the cut surfaces of the explant. Likewise, retention of
the tissue surface layers avoided loading the tissue through a cut
(and therefore damaged) surface. The conﬁnement ring limited
lateral expansion and permitted production of large forces that
would typically cause gross destruction of explants in unconﬁnedFig. 4. LDH release (A) and sGAG release (B) to the media for cartilage (ﬁlled circles) and me
were higher for lateral menisci than for medial menisci. Coefﬁcients for model ﬁts appearcompression. This is particularly true for meniscus tissue, which is
highly compliant in unconﬁned compression36e38.
This in vitro system allows reproducible loading under condi-
tions allowing direct comparisons of cartilage andmeniscus tissues.
As with other in vitro overload models, this system does not fully
replicate the complex loading patterns involved in clinically rele-
vant injuries, and in particular does not reproduce the circumfer-
ential tensile stress induced in the meniscus under physiologic
loading. However, compressive overloading at low rates is relevant
to situations such as occupational overload and obesity3 in which
joints are overloaded for long durations of time, as well as clinical
scenarios such as femoroacetabular impingement, in which bothniscus (open circles) explants during the ﬁrst 24 h after loading. LDH and sGAG release
in Table I.
Fig. 5. Explant core sGAG content normalized to wet mass for cartilage (A) and meniscus (B) explants at day 1 (black bars) and day 9 (gray bars) after loading. sGAG content was
higher for lateral menisci than for medial menisci. Precise signiﬁcance values are reported in the manuscript text.
J.F. Nishimuta, M.E. Levenston / Osteoarthritis and Cartilage 20 (2012) 422e429 427labral ﬁbrocartilage and acetabular cartilage may see chronic,
abnormal compression39. Like other similar in vitro single overload
models employing low strain rates13,14, high peak strains achieved
at low strain rates produced neither substantial cell death nor
matrix failure. Conversely, large stress induced at higher rates of
loading is a strong predictor for injury, perhaps due to rapid
interstitial ﬂuid pressurization40,41.
Immature bovine tissues have beenwidely used to studycartilage
mechanics42,43, mechanobiology44,45 and degradation46,47 due in
part to their ready availability. While appropriate for initial
comparisons of tissueoverload responses, thismodel has limitations.
Tissue composition and cell metabolism change with maturation,
and chondrocyte viability following in vitro injury was found to be
lower in mature tissues18,48. Future investigations would beneﬁt by
investigating overload response in mature tissue to identify age-
related changes in meniscal tissues, particularly in tissues exhibit-
ing early degenerative changes. Additionally, while LDH release
(an indirect indicator of cell death) increased with loading severity
for both tissues, we did not extensively examine the spatial distri-
bution of cell death or matrix damage. Chondrocyte death following
in vitro injury was found to be greatest at the surface17, where it
appears to initiate18,41, and progress deeper into the tissue with
lower strain rate and higher peak stress. Early chondrocyte death
was reported to occur primarily through necrosis49, which is fol-
lowed by cellular apoptosis that may spread via intercellular
signaling50.We observed inpreliminary liveedead stains of cartilage
explants at 1 and 9 days after loading (data not shown) that medium
and fast loaded groups had extensive regions of cell death through
the tissue depthwhereas the slow rate had cell death conﬁned to the
surfaces of explants. A more thorough examination of the spatial
distribution and mechanisms of meniscus cell death may provide
valuable information on regional susceptibility to injury and the
functional roles of the meniscal surface layer.
In this study, explants were precultured for 6 days prior to
loading. While a shorter preculture might reﬂect native tissue
conditions more accurately, both sGAG and LDH release rates
during this period were low, mitigating concerns about inﬂuences
of the preculture period on patterns of results. Typical of in vitro
culture, cartilage explants swelled signiﬁcantly during the pre-
culture period, likely due to additional sGAG accumulation and
some disruption of the collagen network due to explant isolation. In
contrast, meniscus explants did not swell, likely due to the lower
proteoglycan content and lower proteoglycan synthesis rates of
meniscus. Because of tissue swelling, target strains and strain rates
were determined using the measured thickness at the time of
loading, reﬂecting the true state of the tissue.All measured mechanical properties were much lower for
meniscus explants than for cartilage explants, reﬂecting in part
baseline difference in sGAG content between tissues. We observed
positive dependence of mechanical properties, sGAG release, and
sGAG content on peak force. While it is possible that these patterns
were responses to applied loading, it should be noted that the load
levels incurred in this study, particularly for meniscus explants,
were below levels required to initiate physical tissue damage. Thus,
these patterns may in part reﬂect the induction of greater peak
forces through compression of samples with higher initial sGAG
contents and therefore higher moduli, as demonstrated by higher
forces, sGAG content, and moduli of lateral explants.
LDH release for both tissues was highest in the fast strain rate
group 1 day after loading. On the same day, we also observed lower
WST-1 conversion in the medium and fast strain rate groups. By
9 days post-loading, both measures of cell viability were stable
among groups. While WST-1 conversion is generally viewed as
reﬂecting the number of viable cells, it may also be temporarily
decreased by treatments that do not kill cells. Additionally, the
WST-1 assay likely disproportionately reﬂects activity of cell pop-
ulations near the surface of the explant, due to the greater diffusion
times between the explant center and the medium, which may
increase the assay’s sensitivity to cell death near the explant
surface. As employed, the WST-1 assay measures a reduction in
a signal that may be dominated by the activity of unaffected cells in
the unloaded region. In contrast, the LDH assay is dominated by an
increased signal from lysed cells, and is thus more sensitive to
localized cell death.
LDH release was positively correlated to peak force in both
tissues, indicating that cell death occurred in both tissues at similar
levels of loads. This indicates that the overload conﬁguration used
in this study induces biological damage at load levels well below
those required to produce detectable physical damage or changes
in tissue composition. This behavior was observed in low-level
impacted cartilage explants where chondrocyte death preceded
matrix damage51. As found in a similar study31, the levels of cell
death in meniscus explants were comparable to those in cartilage
despite the lack of visible signs of damage in meniscal samples.
In an earlier, preliminary study, explants (n¼ 5/tissue/condition)
were loadedwith greater peak forces that produced estimated peak
stresses for cartilage and meniscus of 17.9 MPa (8.83 MPa,
26.9 MPa) and 25.8 MPa (19.4 MPa, 32.2 MPa), respectively, for the
highest loading group. After 9 days of culture, cartilage compres-
sive moduli were reduced in the highest loading group, but mate-
rial properties did not signiﬁcantly change for meniscus explants.
However, cell lysis measured by LDH release was greater in
J.F. Nishimuta, M.E. Levenston / Osteoarthritis and Cartilage 20 (2012) 422e429428meniscus than in cartilage (P 0.0001) and increased with peak
load, consistent with observations in this report.
Taken together, results of these studies indicate that biologic
damage of both cartilage and meniscus can occur at levels well
below that required to produce detectable physical damage. This
suggests that even moderate overload may be capable of inducing
early biological damage in both tissues. Cell death was an early
event in tissue trauma and may be undetectable beyond 24 h after
injury using methods presented. Thus, biological damage to carti-
lage and meniscus may be difﬁcult to clinically detect. Additionally,
it appears that meniscus may be more physically robust to
macroscopic damage than cartilage, but may experience similar
levels of cellular trauma. This raises the possibility of “hidden”
biological damage in an apparently intact meniscus as a potential
early event in the initiation or progression of meniscal degenera-
tion. Further studies of the biological response to sub-failure injury
may lead to a greater understanding of meniscal involvement in the
early stages of knee OA.
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